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Failure of increased sodium avidity to facilitate renal acid excretion in
dogs fed sulfuric acid. Previous studies have suggested that the incre-
ment in renal acid excretion caused by sulfuric acid feeding is mediated
solely by an interplay between the sulfate-induced increase in distal
sodium delivery and the gradual augmentation of distal sodium reab-
sorption that occurs as sodium losses accumulate. This hypothesis
predicts that if distal sodium reabsorption were stimulated sufficiently
prior to the administration of sulfuric acid, excretion of the hydrogen
ion load would occur promptly, thus obviating the fall in plasma
bicarbonate or loss of cation that normally occurs. To test this
prediction, we fed sulfuric acid (7 mEq of H/kg/day) to dogs in which
distal sodium avidity had been enhanced prior to acid feeding either by
diuretic-induced sodium depletion (N = 6) or by deoxycorticosterone
acetate 7.5 mg, twice a day and a low-sodium diet (N = 8). Contrary to
expectation, over the first 3 days of acid feeding there was a significant
fall in plasma bicarbonate (7.1 and 7.5 mEq/liter) and an increase in
urinary sodium excretion (48 mEq in both groups). Moreover, changes
in both plasma bicarbonate and urinary sodium excretion were similar
to those observed previously (5.9 mEq/liter and 46 mEq, respectively)
in normal dogs fed the same dose of sulfuric acid.
Inefficacité de l'augmentation d'avidité pour le sodium dans Ia facilita-
tion de I' excretion renale d'acide au cours de l'alimentation avec acide
sulfurique chez le chien. Des etudes antérieures suggèrent que l'augmen-
tation de l'excrétion rénale d'acide déterminée par l'apport alimentaire
d'acide sulfurique a pour seul médiateur les effets combines de l'aug-
mentation, dependante du sulfate, du debit distal de sodium et de
l'augmentation progressive de Ia reabsorption distale du sodium qui
s'établit en fonction des pertes de sodium. Cette hypothése implique
que si la reabsorption distale de sodium est suffisamment stimulée avant
l'administration d'acide sulfurique, l'excrétion d'une charge d'ions
hydrogene doit étre rapide et empêcher Ia baisse de bicarbonate dans le
plasma ou Ia perte de cations qui survient normalement. Pour évaluer
cette prediction, acide sulfurique a raison de 7 mEq de
H/kg/jour a été administré a des chiens chez lesquels l'avidité distale
pour le sodium avait été prCalablement augmentée soit par une déplé-
tion en sodium obtenue par les diurétiques (N = 6) ou par Ia DOCA
associée a un régime pauvre en sodium (N = 8). Contrairement a ce qui
était attendu, une baisse significative de bicarbonate plasmatique (7,1 et
7,5 mEq/litre) et une augmentation significative de l'excrCtion urinaire
du sodium 48 mEq dans les deux groupes ant été observées au cours des
trois premiers jours. De plus, les modifications de bicarbonate du
plasma et de l'excrétion urinaire de sodium sont semblables a celles
observées antérieurement (5,9 mEq/litre et 46 mEq, respectivement)
chez des chiens normaux ingérant Ia même quantité d'acide sulfurique.
Received for publication August 7, 1980
and in revised form October 7, 1980
0085-2538181/0020-0050 $01.00
© 1981 by the International Society of Nephrology
Previous studies from this laboratory 1] have suggested that
the renal response to prolonged mineral acid feeding is regulat-
ed, not by the accompanying acidemia, but rather by an
interplay of the following two factors: (1) the ease with which
the acid anion is delivered with filtered sodium to the distal
nephron; and (2) the ability of the kidney to augment distal
sodium-hydrogen exchange to accommodate the increase in
sodium and anion delivery. According to this thesis, the magni-
tude of the bicarbonate decrement and, hence, the severity of
the acidosis associated with a particular acid load varies with
the delay encountered in achieving full distal delivery of the
acid anion and in achieving adequate augmentation of distal
hydrogen ion secretion.
The way in which the kidney is envisioned to respond to the
daily ingestion of sulfuric acid offers an instructive example of
this "nonhomeostatic" hypothesis. Because sulfate is virtually
nonreabsorable, ingestion of sulfuric acid is followed by the
prompt appearance of its acid anion with filtered sodium at the
distal nephron. If distal sodium-hydrogen exchange were to
increase in parallel with sulfate's appearance at these nephron
sites, the acid burden would be unloaded just as swiftly. In
reality, however, complete excretion of this acid is retarded by
the limited rate at which sodium-hydrogen exchange can be
accelerated. As a consequence, a significant quantity of sodium
(and some potassium with which it exchanges) accompanies
sulfate into the urine over the first few days of sulfuric acid
feeding, the steady-state increment in acid excretion emerging
only thereafter.
Precisely how the kidney eventually augments distal sodium-
hydrogen exchange to accommodate fully the increment in
sulfate delivery, thereby achieving quantitative excretion of the
administered acid, is unclear. An attractive possibility centers
around the observed natriuresis that, as just noted, occurs early
in the course of prolonged sulfuric acid feeding. Reasoning from
this observation, it has been suggested that a volume-mediated
stimulus to distal sodium reabsorption might provide the neces-
sary impetus to the exchange process under these conditions [1,
21. If true, such a mechanism would firmly link the renal
response to sulfuric acid to the properties of the sulfate ion,
obviating entirely a role for acidemia.
To test this hypothesis, we examined the following predic-
tion: If the sole obstacle to excreting a sulfuric acid load is the
development of a sufficient volume-mediated stimulus to distal
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sodium reabsorption, the presence of such a stimulus at the
onset of acid feeding should facilitate excretion of the acid load.
The experiments we conducted created a stimulus to distal
sodium avidity either by diuretic-induced volume depletion or
by the administration of pharmacologic doses of deoxycortico-
sterone acetate (DOCA). The results of subsequent sulfuric acid
feeding, however, failed to demonstrate the sought for enhance-
ment in renal response: despite the presence of an intense
stimulus to distal sodium reabsorption, sulfuric acid feeding
resulted in a significant fall in plasma bicarbonate concentration
and in a significant loss of cation. Indeed, these changes were
virtually identical in magnitude to those noted during earlier
studies of sulfuric acid feeding in normal dogs.
We conclude that prior enhancement of distal sodium avidity
does not alter the response of the kidney to sulfuric acid
feeding. Therefore, the lag in the augmentation of renal acid
excretion when the kidney is challenged with a large sulfuric
acid load is not due solely to a requirement that sodium avidity
be augmented but must involve either a delay at the level of
transepithelial hydrogen ion transport or at the level of ammo-
nia production.
Methods
Balance studies were carried out on 14 female mongrel dogs
ranging in weight from 12 to 21.6 kg. An animal was accepted
for study only if control plasma bicarbonate concentration was
between 19 and 24 mEq/liter. Throughout the study, each dog
was fed 30 g/kg/day of a synthetic diet, the composition of
which has been described previously [3]. The intrinsic electro-
lyte content of the diet was approximately 1.0 mEq for sodium,
0.5 mEq for chloride, and 0.1 mEq for potassium per 100g. The
daily diet was blended mechanically with twice its weight of
water and fed in one or two portions. The diet of each animal
was supplemented with 2.5 mEq/kg/day of potassium as neutral
phosphate. Other electrolyte supplements and dietary acid were
administered according to the protocols described below. Sup-
plemental electrolytes and acid were added to the mechanically
blended diet from stock solutions, the composition of which had
been verified by direct analyses. Dogs that did not eat spontane-
ously were force-fed, and those that vomited at any time were
excluded from further study. After a control period of 5 to 8
days, the animals were divided into two groups.
Group 1: Prior sodium depletion (N = 6). This protocol was
designed to determine whether the presence of a sodium deficit
prior to sulfuric acid feeding would enhance the ability of the
kidney to increase acid excretion. Accordingly, sodium deple-
tion was induced by the administration of furosemide 50mg, i.v.
on three consecutive days. Pilot studies had demonstrated that
this dose of diuretic was sufficient to produce a sodium deficit at
least as great as that which typically occurs during the first 3
days of sulfuric acid feeding in animals maintained on a low-salt
diet [1]. In an effort to obviate the development of potassium
depletion or metabolic alkalosis, we added potassium chloride
(2.5 mEq/kg/day) to the diet during the 3 days of furosemide
administration and for 3 to 4 days after the diuretic was
discontinued. An equilibrium period of 5 to 6 days was then
allowed to elapse before obtaining three or more daily baseline
observations prior to acid feeding. Sulfuric acid (7 mEq/kg/day)
was then added to the diet for 3 to 9 days.
Group 2: DOCA administration (N = 8). This protocol was
designed to determine whether increased sodium avidity in-
duced by mineralocorticoid administration would facilitate the
renal response to sulfuric acid feeding. Following a suitable
control period, DOCA administration (7.5 mg, i.m., twice a
day) was begun and continued throughout the remainder of the
study. After a steady state of plasma composition had been
achieved (5 to 7 days), all animals were fed sulfuric acid (7 mEq/
kg/day) for a period of 8 to 9 days.
Analytic procedures. Details of the balance technique and
program data analyses have been reported previously [4]. The
change in urinary excretion for a given experimental period was
calculated for each animal by accumulating the differences
between the mean urinary excretion during the preceding
steady state and the daily urinary excretions over the transient
phase of the new period.
Methods used for determining sodium, potassium, chloride,
phosphorus, and creatinine have been reported previously [4,
5]. Total carbon dioxide and pH were measured directly;
bicarbonate concentration and arterial Pco2 were calculated
from the Henderson-Hasselbalch equation. The pH, pK', and
the solubility coefficient of carbon dioxide were corrected for
temperature; pK' was also corrected for pH. Methods for the
determination of titratable acid and ammonium excretion have
been described previously [5]. Urinary sulfate was determined
by the turbidimetric method adapted for the autoanalyzer [6].
Results
Unless otherwise specified, the terms "significant" or "sig-
nificantly different" will be used to describe a difference that
has a P value of less than 0.01. Differences between both paired
and unpaired data were assessed by Student's t test.
Group 1: Prior sodium depletion (N = 6)
Body weight during control averaged 15.8 2.0 kg. The rate
of sodium excretion before the administration of diuretics was
virtually nil, in keeping with the ingestion of a sodium-restricted
diet. The administration of furosemide resulted in a significant
loss of sodium, the cumulative balance averaging —60 mEq.
Cumulative potassium balance averaged +34 mEq. As can be
seen in Table 1, there were no significant changes from control
in arterial Pco2 or in plasma bicarbonate or potassium concen-
trations; plasma sodium and chloride concentrations fell slight-
ly.
Response to sulfuric acid. The first 3 days of acid feeding
were chosen for detailed analysis because earlier studies dem-
onstrated that the bulk of the change in plasma and urine
composition occurred over that time interval [1].
(A) Plasma data (Table 1). The mean plasma bicarbonate
concentration fell from 23.1 0.8 to 16.0 0.6 mEq/liter by
day 3 of sulfuric acid feeding. The arterial Pco2 fell from 36.6
1.2 to 31.8 1.3 mm Hg. As a result of these changes, hydrogen
ion concentration rose from 38.6 0.5 to 48.0 0.8 nEq/liter.
The mean plasma sodium and potassium concentrations fell,
but there was no detectable change in plasma chloride concen-
tration. Plasma creatinine, which averaged 0.7 mg/dl prior to
acid feeding, did not change significantly.
(B) Urine data. Figure 1 depicts cumulative changes in
urinary net acid, sodium, potassium, and chloride excretion
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Table 1. Plasma composition during control and experimental periodsa
PHCO3
mEqiliter
Arterial Pco2
mm Hg
PN,
mEq/lier
PK
mEqiliter
Pci
mEqiliter
PH +
nEqiliter
Group I (N 6)
Control 22.6 0.7 37.2 1.4 146 0.6 3.8 0.1 108 0.3 39.9 0.5
Sodium depletion 23.1 0.8 36.6 1.2 142 0.5" 4.0 0.1 104 0.7' 38.6 0.5
H2S04 feeding (day 3) 16.0 0.6" 31.8 1.3" 138 0.8" 3.0 0.1" 107 1.0 48.0 0.8"
Group 2 (N = 8)
Control 22.4 0.4 35.3 0.8 147 0.5 4.0 0.1 110 0.5 38.4 0.4
DOCA administration 23.9 0.5c 37.0 0.9 147 0.4 3.9 0.1 109 0.6 37.7 0.3
H2S04 feeding (day 3) 16.4 0.6" 32.3 l.2c 142 08b 2.9 0.1'-' 112 1.0 47.6 0.9"
8 Values represent the means SEM.
b Significant at P < 0.01 level compared with previous period.
Significant at P < 0.05 level compared with previous period.
—50
P<0.01 P<0.01 P<0.01 NS
Fig. 1. Cumulative changes in urinary excretion of net acid (H), sodium,
potassium, and chloride during the first 3 days of sulfuric acid feeding
in sodium depleted dogs (group 1). Significance level of difference
between mean value (horizontal solid line) and zero is shown below
each panel.
during the first 3 days of acid feeding. As can be seen, a
significant cumulative change in net acid excretion, averaging
161 33 mEq, was observed over the first 3 days of acid
feeding; this change was due almost entirely to an increase in
ammonium excretion. The cumulative increase in sulfate excre-
tion over the same period of time was 274 42 mEq. The
discrepancy between the change in sulfate excretion and the
change in net acid excretion (113 mEq) was accounted for
virtually precisely by a marked increase in the urinary excretion
of sodium and potassium, which averaged 48 17 and 70 29
mEq, respectively. There was no significant change in chloride
excretion.
Group 2: DOCA administration (N = 8)
Body weight during control averaged 18.2 1.4 kg. As can
be seen in Table 1, the administration of DOCA and a low-
sodium diet to these animals resulted in a small rise in plasma
bicarbonate concentration. This was attributable to a significant
cumulative increase in net acid excretion averaging 24 mEq (P
200 <0.5). There were no significant changes in arterial Pco2 or in
plasma sodium, chloride, potassium, or hydrogen ion concen-
trations. The mean plasma creatinine concentration fell signifi-
150 cantly from 0.7 to 0.6 mg/dl. The mean cumulative sodium,
potassium, and chloride balances were + 17, +9, and +3 mEq,
respectively.
100 Response to sulfuric acid feeding. As in group I, the first 3days of acid feeding were chosen for detailed analysis.
(A) Plasma Data (Table 1). Mean plasma bicarbonate con-
centration fell from 23.9 0.5 to 16.4 0.6 mEq/liter by day 350 of acid feeding. The arterial Pco2 fell from 37.0 0.9 to 32.3
1.2 mm Hg. As a result of these changes, the hydrogen ion
concentration rose from 37.7 0.3 to 47.6 0.9 nEq/liter.
0 Mean plasma sodium and potassium concentrations fell, but
there was no detectable change in plasma chloride or creatinine
concentration.
—50 (B) Urine Data. Figure 2 illustrates the cumulative changes in
urinary net acid, sodium, potassium, and chloride excretion
during the first 3 days of acid feeding. As can be seen, the
cumulative change in net acid excretion rose significantly,
averaging 181 38 mEq over the first 3 days of acid feeding;
this change was due almost entirely to an increase in ammonium
excretion. The cumulative increases in sulfate excretion over
the same period averaged 330 12 mEq. As in group I, the
discrepancy between the change in sulfate excretion and the
change in net acid excretion (149 mEq) could be ascribed almost
entirely to a marked increase in the urinary excretion of sodium
and potassium, which averaged 48 12 and 84 12 mEq,
respectively. There was no significant change in chloride excre-
tion.
Cross comparisons
The data obtained from each group in the present study were
compared with those obtained in a previous study from this
laboratory of nonsodium-depleted, non-DOCA treated (that is,
normal) animals maintained on an identical diet and fed an
identical dose of sulfuric acid [1]. The mean body weight of the
previously studied animals was 16.9 2.1 kg, a value not
significantly different from that in either of the present groups.
As can be seen in Fig. 3, the decrement in plasma bicarbonate
concentration on day 3 of acid feeding was similar in all three
groups, averaging 5.9 mEq/liter in the previously reported
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P<0.01 P<0.01 P<0.O1 NS
Fig. 2. Cumulative changes in urinary excretion of net acid (H), sodium,
potassium and chloride during the first 3 days of sulfuric acid feeding in
DOCA -treated dogs (group 2). Significance level of difference between
mean value (horizontal solid line) and zero is shown below each panel.
—10 -
Fig. 3. Change in plasma bicarbonate concentration at day 3 of sulfuric
acid feeding (7 mEq/kglday) in normal dogs, dogs with diuretic-induced
sodium depletion, and dogs receiving DOCA (7.5 mg, i.m., twice a
day). Data for the normal dogs were obtained from Ref. 1. No
significant differences were detected.
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Fig. 4. Cumulative changes in sodium and potassium excretion during
the first 3 days of sulfuric acid feeding (7 mEq/kg/day) in normal dogs,
dogs with diuretic-induced sodium depletion, and dogs receiving DOCA
(7.5 mg, i.m., twice a day). Data for the normal dogs were obtained
from Ref. I. Neither the sodium nor the potassium losses differed
significantly among the three groups.
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—70 and —84 mEq, respectively. Finally, the cumulative
DOCA increment in sulfate excretion was indistinguishable among the
administration three groups, as was the cumulative increment in net acid
excretion. For sulfate, the average cumulative increments were
298, 274, and 330 mEq, respectively; the comparable values for
• net acid were 200, 161, and 181 mEq.
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Discussion
It has been hypothesized recently that the augmentation of
renal acid excretion induced by prolonged mineral acid feeding
is mediated, not by changes in systemic acidity, but by the
interaction of two intrarenal factors: (1) augmented distal
delivery of body sodium with the administered acid anion and
(2) augmented distal sodium avidity [1, 2]. The present study
was designed to examine this hypothesis for the case of sulfuric
acid feeding in which prompt distal delivery is assured by the
nonreabsorbability of the sulfate ion. The results indicate that
the augmentation of acid excretion induced by this mineral acid
cannot be accounted for by these two factors alone. This
conclusion is based on the finding that prior stimulation of
sodium reabsorption did not facilitate the renal excretion of net
acid even though distal sulfate delivery was appropriately
enhanced. As a corollary, heightened sodium avidity did not
obviate the transient loss of "fixed" cation; such cation losses
are, of course, required to maintain electroneutrality during the
first few days of sulfuric acid feeding, given that administered
sulfate is eliminated more rapidly than its accompanying hydro-
gen ion is. Indeed, as shown in Figs. 3 and 4, the fall in plasma
bicarbonate concentration and the urinary loss of cation, rather
than being prevented, were in fact remarkably similar to the
changes observed in normal dogs.
group and 7.1 and 7.5 mEq/liter in the sodium-depleted and
DOCA-treated groups, respectively. There was also a remark-
able similarity in the magnitude of the cumulative urinary cation
losses that occurred following sulfuric acid feeding under these
three circumstances; as can be seen in Fig. 4, sodium losses
averaged —46, —48, and —48 mEq and potassium losses —66,
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Whenever experimental results fail to conform to prediction,
consideration must be given to the possibility that the protocol
used failed to produce the necessary test conditions. Thus, we
must consider whether the failure both of diuretic-induced
volume depletion and of DOCA administration to facilitate acid
excretion in the present study was the consequence of a failure
of either to produce as much of a stimulus to sodium reabsorp-
tion at the onset of sulfuric acid feeding as ordinarily develops
during the first few days of such an acid-loading protocol.
Several lines of evidence serve to exclude this possibility. First
of all, the sodium deficit induced by diuretic administration
prior to acid feeding in group 1 (average 60 mEq) was at least as
great as that which accumulates when sulfuric acid is fed to
normal dogs [1]. It seems reasonable to assume that similar
sodium deficits, however incurred, would result in a similar
augmentation in renal sodium avidity. Second, DOCA adminis-
tration in the dosage used in group 2 is known to produce
marked sodium retention [71 and a marked increase in hydrogen
ion secretion [8] in animals ingesting a normal salt diet. Indeed,
its pharmacologic effect on renal transport was evident even in
the salt-restricted animals of the present study; prior to acid
feeding, the administration of this potent mineralocorticoid
caused sodium excretion to fall slightly and net acid excretion
to rise sufficiently to produce a detectable increase in plasma
bicarbonate concentration. Finally, note should be taken of the
striking similarity between the sodium losses engendered by
sulfuric acid feeding under both of the present experimental
conditions and that engendered in normals (Fig. 4). Had there
been some attentuation of the sodium losses, a stronger case
could be made for the possibility that our experimental design
merely provided too weak a stimulus to sodium reabsorption.
That there was no detectable effect of either volume depletion
or DOCA administration on sodium conservation, however,
makes it much more likely that the stimulus to sodium reabsorp-
tion normally provided by these maneuvers was present but
offset by more potent forces.
The failure of intense sodium conserving stimuli to facilitate
acid excretion in these experiments does not exclude the
possibility that increased sodium reabsorption plays some role
in the normal adaptive response to prolonged acid feeding. We
interpret the present data to indicate only that some factor(s)
other than distal anion delivery and distal sodium avidity
constitute the rate-limiting step in augmenting acid excretion at
the inception of mineral acid feeding. Two possibilities deserve
mention as likely candidates for this rate-limiting step: (1)
augmentation of ammoniagenesis, perhaps mediated by the
accompanying potassium deficits [9] or by acidemia itself and
(2) augmentation of transepithelial hydrogen ion transport.
According to present concepts of urinary acid excretion, an
augmentation in both ammonia production and distal hydrogen
ion secretion are required to accommodate a large acid load,
and a delay in either could well account for the seemingly
obligatory cation losses observed during the first few days of
mineral acid feeding. The present studies do not allow us to
distinguish between these two possibilities.
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